We investigate complexes of two paramagnetic metal ions Gd 3+ and Mn 2+ to serve as polarizing agents for solid-state dynamic nuclear polarization (DNP) of 1 H, 13 C, and 15 N at magnetic fields of 5, 9.4, and 14.1 T. Both ions are half-integer high-spin systems with a zero-field splitting and therefore exhibit a broadening of the m S = -½ ↔ +½ central transition which scales inversely with the external field strength. We investigate experimentally the influence of the chelator molecule, strong hyperfine coupling to the metal nucleus, and deuteration of the bulk matrix on DNP properties. At small Gd-DOTA concentrations the narrow central transition allows us to polarize nuclei with small gyromagnetic ratio such as 13 C and even 15 N via the solid effect. We demonstrate that enhancements observed are limited by the available microwave power and that large enhancement factors of >100
Introduction

Dynamic nuclear polarization
Over the last two decades high field dynamic nuclear polarization (DNP) has emerged as a prominent field of research and has impacted approaches to solution NMR, solid-state or magic-angle spinning (MAS) NMR, electron paramagnetic resonance (EPR), and magnetic resonance imaging (MRI).
Furthermore, DNP has spawned fundamental investigations and new applications in each of these areas. For example, the development of the instrumentation for MAS DNP at high magnetic fields [1] [2] [3] [4] has catalyzed fundamental studies of quantum mechanical properties of spin-systems [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , applications in materials science [15] [16] [17] [18] [19] [20] and structural biology [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
DNP polarizing agents and field profiles
Paramagnetic species act as polarizing agents by transferring the large electron spin polarization to nuclear spins upon irradiation with microwaves (µw) of an appropriate frequency. Microwave radiation is generated by either a solid-state source or-in the case of MAS DNP-by a gyrotron maser source due to the high power requirement in the absence of a µw resonance structure. 31 Since gyrotrons typically emit a fixed, narrow-band frequency the NMR magnetic field has to be adjusted if polarizing agents with varying EPR resonance fields are to be used or investigated. EPR spectra (top) as well as field-dependent 1 H (middle) and 13 C (bottom) DNP profiles of various polarizing agents at 140 GHz µw frequency. TOTAPOL DNP data taken from refs. 32 ( 1 H) and 33 ( 13 C). SA-BDPA and trityl OX063 data from refs. 34 and 35 , respectively, except 13 C DNP profiles which were taken from ref. 36 . Gd(III) and Mn(II) EPR spectra taken from ref. 37 ; DNP data from this work.
In Fig. 1 35, 41 while the smaller frequency of 13 C (53 MHz) leads to efficient CE. 7, 36 For SA-BDPA with 28 MHz linewidth both nuclei can only be polarized via the SE.
34, 36
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Paramagnetic metal complexes of Gd 3+ and Mn 2+ have been demonstrated as polarizing agents for 1 H DNP earlier; 37 recently we have shown that Mn 2+ naturally bound to RNA can be used to hyperpolarize 13 C within a nucleic acid complex. 42 Even though the enhancement factors cannot compete quantitatively with the highly efficient bis-nitroxides, the natural occurrence in metalloproteins-in the case of Mn 2+ -or the possibility to replace diamagnetic metal ions such as Mg 2+ or Ca 2+ make these high-spin metal ions interesting targets for further research.
DNP with intrinsic polarizing agents
One aspect that has become of particular interest is the incorporation of polarizing agent with respect to the analyte. In "conventional" studies the polarizing agent-consisting of a paramagnetic molecule and providing the large electron polarization to be transferred to the nuclear spins-is dissolved in a cryoprotecting matrix. The matrix is highly deuterated with reduced proton abundance of ~10% in order to optimize signal enhancement factors and transfer of enhanced polarization to the analyte via spin-diffusion. 43 This method has been successfully applied to several biological sample systems, including membrane proteins in native phospholipid environments as well as liposomes, 22, 26, 44, 45 and dispersed micro-/nano-crystalline proteins and peptides or amyloid fibrils. 25, [46] [47] [48] A similar approach is used for microcrystalline materials 49 or by impregnation wetting of insoluble materials with polarizing agent solutions for surface-enhanced NMR spectroscopy. 17 Immobilized paramagnetic species being covalently or non-covalently bound to or near the biomolecule to be investigated have recently attracted interest. In a first and elegant demonstration an endogenous flavin in its reduced semiquinone radical form has been used to polarize 1 H within the protein. 50 Besides circumventing the addition of a solvent matrix and potential phase separation, [51] [52] [53] [54] this approach is also aimed towards more efficient utilization of enhanced nuclear polarization near the site of interest at high magnetic field and fast MAS where spin-diffusion efficiency is limited, 55 and towards further structural insights by analysis of site-or state-specific DNP enhancement. 67 where nitroxide radicals suffer from chemical inactivation 76, 77 and in-cell applications demand additional precautions. 78, 79 Given these prospects in combination with the ubiquitous use of lanthanide chelate tags in NMR and the large availability of respective labeling techniques 80 we have earlier investigated the use of Mn(II) and Gd(III) chelate model compounds as polarizing agents for sensitivity-enhanced MAS NMR using dynamic nuclear polarization (DNP) of 1 H at a field of 5 T. 37 Here, we want to extend this investigation to fields of 9.4 T and up to 14.1 T. Furthermore, we focus on direct DNP of low-γ nuclei 13 C and 15 N for which slower spin-diffusion might enable a site-selective DNP enhancement of resonances in biomolecules which contain a specifically-bound metal polarizing agent.
56, 57
Preliminary experiments obtained with chelator-labeled and uniformly isotope labeled ubiquitin yield promising results.
Theory DNP mechanisms
Under the conditions relevant here DNP can occur via two different mechanisms: solid effect (SE) and cross effect (CE). SE enhancements are driven directly by µw excitation of nominally forbidden zero quantum (ZQ) and double quantum (DQ) electron-nuclear coherences. 81 Anisotropic hyperfine interaction (HFI) leads to partial state mixing of the nuclear substates; the respective ZQ and DQ SE matching conditions occur at the sum or difference combinations of the electron and nuclear Larmor frequencies. Due to the ZQ and DQ transitions leading to opposite nuclear enhancement and cancellation of the SE when excited equally, the polarizing agent has to feature a narrow EPR spectrum with an effective overall breadth smaller than the nuclear Larmor frequency.
The CE occurs when two electron spins are dipolar coupled. Upon µw saturation of one of the spins their polarization difference can be transferred to a coupled nuclear spin if the Larmor frequencies of the electron spins differ by the nuclear Larmor frequency: 82 In this case an energy-conserving three-spin flip-flop-flip process can occur. This process has been shown to be highly efficient for bis-nitroxide polarizing agents under MAS, where the variation in electron Larmor frequencies is achieved by significant g anisotropy, and the spin eigenstates undergo several level crossings during one sample rotational period. 12, 13 In the preceding article we have described the theoretical background in detail and have developed a model for CE with high-spin electrons with isotropic electron Zeeman interaction and significant ZFS such as Gd(III) and Mn(II). 83 We strongly encourage the reader to refer to this work for theoretical background as basis of discussion of the experiments described here.
Magnetic properties of Gd(III) and Mn(II)
The high-spin states of Gd(III) and Mn(II) lead to several peculiar properties which can be either advantageous or detrimental for applications in magnetic resonance. We have described these properties in detail in the preceding article; 83 nevertheless we want to briefly summarize these here.
Even though the electron Zeeman interaction is isotropic with a g value close to that of the free electron the S = 7/2 and S = 5/2 states of Gd(III) and Mn(II), respectively, are subject to zero-field 
Results and Discussion
EPR linewidth of the CT at different fields
With the introduction of several custom-built or commercially available DNP spectrometers operating at fields between 9.4 and 18.8 T considerable focus should be laid on the efficiency of polarizing agents with increasing fields. One important aspect in this context is the broadening of the EPR line and resulting excitation efficiency with a monochromatic microwave source.
In , on the other hand, show an effective reduction in linewidth of the EPR CT with higher field which seems counterintuitive at first, but is explained by the occurrence of a second-order effect due to ZFS which scales inversely proportional with respect to the Zeeman strength. In the preceding article we have described in detail the unique properties of these high-spin metal ions regarding DNP; 83 here we will demonstrate these properties in DNP experiments performed on 1 H and 13 C at a field of 5 T. Further experiments conducted at high fields of 9.4 T and 14.1 T demonstrate the unique line-narrowing properties of Gd-DOTA and underline the potential of this class of polarizing agents under these high-field conditions, especially when compared to the efficiency of the SE with radical polarizing agents at these high field strengths. 140 GHz (solid lines) and 275 GHz (dashed lines) field-swept, echo-detected EPR spectra of SA-BDPA, trityl, Gd-DOTA, and Mn-DOTA demonstrating the narrowing of the high-spin CT at higher field. All spectra (except Mn-DOTA) were normalized to equal amplitude at 140 GHz. All 275 GHz spectra were scaled so that the respective integrals at the two frequencies are equal. Field offset in abscissa is given w.r.t. to the resonance field observed for the isotropic g value.
Effect of different complex ligands on DNP
In Fig. 3 90 We do not observe such a biphasic behavior; however, our observations only seem to show a contribution from the component with smaller D value. This might indicate that the complex species with large ZFS might not be effective as polarizing agent for DNP, or that its contribution to DNP is unproportionally small compared to the EPR contribution, as can also be seen .
[c] At 5 T, simulated from given ZFS parameters.
[d] Two components contributing to the spectrum with relative weight given in parentheses. Experiments using Mn-DOTA reveal a very similar situation; the main difference being the splitting of the rather narrow CT into an almost equally spaced sextet caused by hyperfine coupling to 55 Mn with a coupling constant of 254 MHz. 37 This leads to a complicated system of six individual SE features evoked by each EPR line as is shown in Fig. 4 . For 1 H these SE pairs are intricately intertwined due the 1 H nuclear Zeeman frequency being larger than half the 55 Mn HFI constant. 
Influence of bulk protonation level
For Gd-DOTA we investigated the effect of solvent deuteration level on 13 C DNP. Earlier studies have shown that slightly larger enhancement factors and faster polarization build-up can be achieved without matrix deuteration, in stark contrast to radical polarizing agents. 35 Here, we record a ~13% larger enhancement of 13 (Fig. 5 ). This might be caused due to improved proton-driven spin diffusion and/or longer build-up and longitudinal relaxation time constants. A complete overview of 1 H and 13 C enhancements at various protonation levels can be found in the supplementary information in Table 2 . 
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-18-is unclear which dynamical process enables this relaxation process in the solid. The reader should note that the effect is rather weak (~2 % of maximum cross-relaxation enhancement); therefore even absolutely small variation of spectral density at the required sum and difference of nuclear Larmor frequencies might suffice for the observed effect to occur. 
Power dependence of DNP enhancement
The power dependence of DNP enhancements is perfectly linear in most cases, as seen in Table 2 and shown in Fig. S1 . Interestingly, the DNP efficiency which is given by polarization increase of the nucleus relative to the theoretical maximum is almost identical for 1 H and 13 C; consequently enhancement factors scale inversely with the nuclear gyromagnetic factor. 13 C DNP power dependence with Gd-DOTA shows a slight reduction of slope with larger power compared to the Mn 2+ complex. The 'relayed' DNP enhancement of 13 C caused by µw excitation at the field of 1 H SE seems to indicate a more significant 'saturation' effect at larger powers, the reason for this is still unclear.
Also, a slight reduction of polarization time constant with increasing µw power is noticed (see Table 2 ). This trend is expected for SE, 41 and has been already observed for trityl on the same instrument where we have also experimentally excluded sample heating as the major cause.
35
Page 18 of 35 Physical Chemistry Chemical Physics
Physical Chemistry Chemical Physics Accepted Manuscript
Furthermore, in order to assess the achievable DNP enhancement in the excess of µw field strength we have investigated a static sample inside a µw cavity resonator driven by low-power solid-state source. With this instrument a typical Q factors on the order of ~1,000 leads to an effective nutation frequency of ~16 MHz for the CT of the 7 2 S = spin; this allows for significant 1 H DNP enhancement of >100 as we have reported earlier. 84 Direct DNP of 13 C under irradiation of the 13 C SE transition leads to large absolute intensity of the enhanced NMR signal of 13 C 3 -glycerol, see Reduction of temperature has been shown to be more favorable, leading to larger enhancement factors already with smaller µw power. 84 However, below a certain temperature (14 K Field dependence of 1 H DNP 5 T is an ideal testbed for DNP experiments due to its instrumental robustness in terms of magnet sweep capability and µw power availability in combination with rather straightforward scalability of results to higher fields. Nevertheless, experiments at the commercially accessible fields of 9.4 and 14.1 T are important to confirm predictions based on lower field experiments and might also yield unexpected observations. Therefore we conducted 1 H DNP experiments using Gd-DOTA at these fields (Fig. 6 ). As expected, the matching field offset for positive and negative SE enhancement scale with the nuclear Larmor frequency and become more separated at higher field. Additionally, slight reduction in linewidth of the DNP peaks is observed with larger external field. This narrowing manifests when comparing the field dependence with that reported for BDPA, 8 where at 9.4 T a slightly larger ε was observed than for Gd-DOTA, however, at 14.1 T this ratio is inverse. Therefore we expect, that Gd-DOTA would significantly outperform BDPA at 18.8 T (reaching only vanishing ε ≈2).
The narrowing is less pronounced than would be expected from the regions. This is-to our knowledge-the first example of a well-resolved SE profile for such a low-γ nucleus reported in literature. The SE field profile can relatively simply be approximated by an approach based on the EPR spectral shape. Superposition of modeled ZQ and DQ peaks (i.e., by shifting the EPR spectral function by the field corresponding to the nuclear Zeeman frequency) of opposite sign allows for generation of a simulated SE DNP profile:
where G(B 0 ) is the spectral shape function of SE DNP profile or the EPR spectrum. These simulations are shown as solid lines in Fig. 7B . At a low concentration of 2 mM such an approximation generated from cw EPR spectra recorded at the same frequency of 263 GHz show excellent congruence with experimental DNP enhancement factors. We have observed that simulated field profile based on cw EPR spectra match the experimental DNP profiles much more closely than those based on pulsed (field-swept, echo-detected) EPR spectra; in the latter case broader spectral components with short phase-memory time constant are filtered out, but obviously still contribute to DNP. When increasing the Gd-DOTA concentration to 10 or even 20 mM we observe an incipient mismatch between EPR spectra and DNP profiles. For 1 H and 10 mM the DNP peak and the EPR spectrum still show good agreement, while at 20 mM a significant broadening of the DNP peak is visible. The reason for this is unclear and requires further experiments for elucidation. For 13 C we observe an additional shoulder emerging in the DNP profile on the inner side of the negative SE peak, decreasing in magnitude with a constant slope towards the central inflection point. In the case of 15 N the effect is even more pronounced; leading to a shift of the field of max.
DNP enhancement towards the CT. Interestingly, we have succeeded in fitting the latter feature (see dashed lines in Fig. 7B ) using a different approach based on a CE-type matching probability analysis:
Here, we determine the statistical probability of finding a 
Observation of enhanced polarization spreading by spin-diffusion
When directly polarizing 13 C or 15 N of isotope-labeled urea using 20 mM Gd-DOTA through the glycerol/water matrix depleted in 13 C we observe an interesting behavior: while for very short polarization times the NMR signal shows significant homogeneous broadening, this broadening is reduced when more time is available for enhanced polarization to build up as can be seen in Fig. S3 .
We explain this with a non-uniform spatial distribution of nuclear polarization where large enhancement is quickly generated for nuclei in close proximity to the paramagnetic ion. For polarization to spread further out towards less paramagnetically influenced nuclei spins, spin- Table 3 . Our experiments here also confirm an earlier observations, where we had measured through-bulk build-up time constants in excess of 5000 s even for 13 C when both the urea and polarizing agent concentration were considerably smaller.
42 Table 3 DNP properties of Gd-DOTA at various concentrations in 12 C 3 -glycerol/H 2 O at 9.4 T (263 GHz). 
DNP with Gd(III) chelate tags attached to protein
In a series of preliminary experiments we attached Gd 3+ -binding chelator tags to ubiquitin using sitedirected spin labeling. Ubiquitin is an excellent model system due to typically large overexpression efficiency, and biochemical robustness under different environmental conditions. Furthermore, spinlabeled ubiquitin could potentially be utilized as a protein tag targeting other proteins in larger complexes via ubiquitylation for site-selective DNP applications, a route we plan to investigate in the near future.
We carried out experiments using three different single-site mutations of ubiquitin where in each case one cysteine residue was introduced by mutagenesis. We selected phenylalanine F4, alanine A28, as well as glycine G75 as favorable targets for mutation because these sites possess large surface accessibility and are situated in differing secondary structure elements (i.e., beta sheet, alpha helix, and terminal loop, respectively). Furthermore, the varying flexibility of the sites (e.g., G75 being situated in the flexible C-terminal tail region) might lead to different conformational inhomogeneity during freezing. 4MMDPA and DOTA-M were chosen as promising chelator tags as described by Goldfarb and co-workers. 63, 67 In Fig. 8 we show the direct DNP-enhancement of 13 able to observe significant differences between the different mutation sites so far. We assume that intra-molecular spin diffusion is sufficiently fast within the uniformly 13 C-labeled protein, so that any variation in DNP efficiency is averaged after a few seconds of longitudinal magnetization build-up.
Depletion of 13 C in the matrix below natural abundance strongly attenuates intermolecular spindiffusion so that enhanced polarization is mostly maintained within the protein also carrying the Gd(III) polarization source as we have demonstrated with endogenously bound Mn 2+42 DNP enhancements are larger and build-up times are faster for Gd-4MMDPA labeled protein.
EPR spectra of the Gd-labeled proteins at the same frequency (263 GHz) show a ~2 times larger linewidth of the CT in 4MMDPA as in DOTA-M caused by the lower symmetry and larger ZFS in the former complex (Fig. S4) . Therefore we would also expect lower efficiency of DNP according to 
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-27-additional broadening occurs as compared to the spectra acquired using thermal polarization (µw off). All these observations indicate more favorable DNP enhancement of 13 C nuclei in close distance to the paramagnetic ion.
We have determined labeling efficiencies between 90 % (for 4MMDPA) and 100 % (for DOTA-M) by cw EPR spin counting; both values can be interpreted as quantitative within the experimental error. Therefore we assume that a significant contribution of unlabeled protein-which could lead to similar observations-is rather unlikely. Due to the rather short spin-lattice relaxation An unexpected phenomenon was observed when the cryoprotectant was absent from the aqueous buffer solution. Since the paramagnetic label is covalently attached to the biomolecule, separation of the polarizing agent and protein in different phases-which reportedly inhibits DNP 51 -cannot occur. DNP enhancement factors improved three-fold to about -9 while at the same time strong line broadening occurs. This is shown in Fig. 9 on the F4C mutant labeled with Gd-DOTA-M; we have observed very similar effects with other point mutation/chelate tag combinations as well. We explain this by agglomeration of paramagnetically labeled ubiquitins and hence a local increase in Gd(III) concentration. This is supported by shorter build-up time constants in the cryoprotectant-free samples.
Of course, the increase in linewidth in the small globular protein due to the presence of Gd3+
complicates the extraction of structural information in the typical way. However, such approaches might be fruitful with respect to specifically labeled proteins or ligands where spectral resolution is less important, or for problems in larger biomolecular systems where, for example, contacts between subunits are of interest. In fact, the occurrence of additional polarization pathways-including CE enabled by direct dipolar contact between Gd 3+ of different proteins-bears an interesting prospect for future studies including multiply-labeled proteins and singly-labeled subunits within protein complexes, enabling efficient CE only upon direct contact of their constituents. Similar concepts have been demonstrated with nitroxides. 56 This could allow for filtering towards a minority of bound species in co-existence next to the majority of unbound components; a situation which poses a significant problem in biophysical chemistry or structural biology. N]-labeled ubiquitin mutant F4C with and without added glycerol using site-directed spin labeling with Gd-DOTA-M tags at 9.4 T. The field was optimized for Gd 3+ 13 C SE resulting in negative signal enhancement. Read-out was performed via Bloch decay with 4 s polarization delay. Asterisks mark signals from silicone plugs.
Conclusion
While the indirect enhancement of 13 has already been demonstrated in principle, 37 we have now extended the investigation especially for direct 13 C DNP. 1 H DNP enhancements of up to 20 have been measured which are yet unable to compete with those factors obtained by more efficient bis-nitroxide polarizing agents on model systems. However, paramagnetic metal ions still offer various other interesting properties especially in the context of biomolecular DNP. We have shown that deuteration of the matrix-which is rather difficult in cellular milieu-is not required because it does not lead to larger enhancement factors in model systems. Furthermore, many biomolecules are routinely investigated with paramagnetic NMR using lanthanide probes where paramagnetic relaxation enhancements (PREs) and pseudocontact shifts (PCSs) are analyzed for structural constraints in solution. 80, 97 MAS DNP could be able to contribute additional information without further modification of the sample. This is especially interesting in regards to highly efficient direct DNP of 13 C or 15 N with enhancement factors of ~100 and larger. While at low polarizing agent concentrations SE is the dominating DNP mechanism for these nuclei, at large concentrations we observed a significant contribution of the CE which is achieved by electron spin frequency offsets caused by ZFS.
Direct DNP of low-γ nuclei allows for a better control of spreading of enhanced polarization due to small spin-diffusion rates in environments with small isotope concentration. Furthermore, we have demonstrated in preliminary experiments that proteins labeled with Gd 3+ -binding chelator tags could themselves be used as polarizing agents. This approach could in the future be extended in order to investigate protein-protein interactions, allowing enhanced polarization to spread from one domain to another only when a close contact is maintained.
